, and oxygen release rates [Jenkins and Goldman, 1985; Williams and Purdie, 1991] as well as satellite assessments [Eppley et al., 1985; Platt et al., 1991] . The list of problems associated with each approach is long and has been well documented [e.g., Platt et al., 1989] . However, it is clear, even within the range of error, that there are discrepancies between the fluxes derived from instantaneous uptake estimates and those of bulk property estimates.
These discrepancies between the various estimates are thought to arise in part from differences in the temporal resolution of the measurements [Harris, 1980; Harrison, 1985, 1986] . Any attempt to accurately reconcile these disparate estimates would require an experimental framework which integrates phytoplankton growth at high frequencies but over extended periods. Unfortunately, collection of data at high frequencies over long periods has proven to be difficult, leaving the problems of reconciliation without an effective experimental solution. However, computer simulations 'have the ability to run at different frequency scales and appear to be one method of exploring the I Now at Virginia Institute of Marine Science, Gloucester Point. In addition, parameterizations of biological processes can be just as important as parameterizations of physical processes [Harris, 1980] . For example, a major simplification is the assumption of only single units of phytoplankton and zooplankton species, functional groups, or trophic levels within the simulated water column [Wroblewski et al., 1988; Walsh et al., 1989; Fasham et al., 1990; Taylor et al., 1991] . Such simplifications may preclude accurate assessment of carbon fluxes, since various classes of phytoplankton and zooplankton contribute differently to the downward transport of organic material [Longhurst, 1991; Walsh et al., 1991] . Species succession has been documented in oliggtrophic waters [Menzel et al., 1963; Hulburt, 1990] , ami these different phytoplankton functional groups utilize and export nitrogen at different rates [Walsh et 
Mixed-Layer Depth
A time series of mixed layer depths for the source square was also constructed from the National Oceanographic Data Center (NODC) temperature profiles [NODC, 1991] . Our extraction of post-1950 data for the source square yielded 7068 records. From these, 133 records were deleted when temperature increases of more than 0.5øC were encountered with increasing depth. Such editing, involving about 1.9% of the records, was comparable to the percentage of records eliminated by Levitus [1982] in his static stability check.
The temperature profiles between the surface and 500 m were interpolated to 1-m depth intervals. The mixed layer depth was then determined as the depth of a 0.5øC change from the surface temperature. The daily mixed layer depths from January 1979 to December 1984 are plotted in Figure 3 . Figure 4 shows the monthly average of these daily records compared to the climatology from Levitus [ 1982] in a 2 ø x 2 ø square centered at 33øN, 63øW. To test the ramifications of temporal variability of the physical habitat on both primary production and chlorophyll concentrations, case 1 of the model was first driven by the daily records of mixed-layer depth (Figure 3 ), while case 2 used the monthly averaged records (Figure 4 ).
Simulation Description
A one-dimensional model of daily plankton dynamics of carbon and nitrogen cycling over 45 levels in the upper 450 m (Az = 10 m) was applied at 33øN, 63øW. The state equations were nonlinear partial differential equations for phytoplankton (P i, where the subscript indicates more than one algal component, using chlorophyll as an index of biomass), nitrate (N), and ammonium (A). The forcing functions of maximum incident radiation (/max) and wind speed (W) were changed daily within a climatological annual cycle. Mixed layer depth (hm) was changed daily (case 1) and monthly (case 2) within interannual cycles over the period January 1979 to December 1984 (Figures 3 and 4) . Table 1 lists the values of the various parameters used in our simulations, while a full description of the model's equations and parameters is provided in the appendix.
Results
One of the highlights of this model is the permanent coexistence of two phytoplankton functional groups. The phytoplankton assemblage changes with respect to the seasonal cycles of nutrients, light, and mixing. During typical winter and spring periods, the assemblage is dominated by netplankton, in contrast to typical summer periods, which are dominated by picoplankton (Plates 1 and 2). Having accomplished this coexistence over a variety of different mixing regimes, it was possible to test differences in the output using high-and low-frequency variations of the mixed layer depth, that is, case l, with daily mixed layer changes, versus case 2, with monthly mixed layer changes.
The frequency and magnitude of mixed layer depth changes have a significant effect on depth-integrated primary production, as shown in the case 1 and case 2 results (Figures 5 and 6 ; Table 2 (Table 2) were slightly higher on average for the daily mixed layer (case 1) than for the monthly mixed layer (case 2). Average total production over the 6 years was 118.9 g C m -2 yr -I for case 2 compared to 123.0 g C m -2 yr -I for case 1, that is, a 3.4% increase. Average new production rates were 52.8 and 50.1 g C m -• yr -• for cases 1 and 2, respectively. This increase was due to a mean increase of 5.5% in the supply of NO3 to the euphotic zone, which resulted from the increase in temporal variability of the mixed-layer depth in case 1. In the extreme during 1982, there were 24 and 15% rises in new and total production, respectively, for case 1 compared to case 2 (Table 2 ).
The larger difference between case 1 and case 2 annual primary productivity in 1982 shows the effects of smoothing the high-frequency mixed-layer depth changes over 1-month intervals. There were two peaks of >0.7 mg chlorophyll (Chl) m -3 in netplankton biomass for case 1 during early (Table 1) vidual functional groups. An increase of nitrate supply to the euphotic zone will lead to greater new and total production by netpl.ankton but at the expense of picoplankton production (Table 2) . One phytoplankton functional group is thus balanced against the other as they compete for light and nutrient resources and are differentially grazed by higher trophic levels. While there is a small time lag in the grazing pressure (more pronounced for the netplankton), depth-integrated grazing closely follows photosynthesis (Figures 5 and 6) . Grazing is the most important loss process, accounting for 97.5% of the total nitrogen export (Table 3) (Table 1) . This ratio may be too low for the surface waters of oligotrophic regions. Diatoms (netplankton in our simulation) are found throughout the euphotic zone, so we chose a mean carbon to chlorophyll ratio. In retrospect, a variable carbon to chlorophyll ratio may have been a better representation and will be attempted in the future. Since growth at the surface is limited by nitrogen, total carbon production is expected to be unaffected. 
Primary Production
New, export, and total productions respond not only to the changing mixed layer depths but also to the frequency of the change (Table 2) . Short-term forcing of the physical habitat raises estimates of both annual production and surface chlorophyll. Therefore using mean physical parameters to drive biological models (i.e., monthly averaged mixedlayer depths) may lead to inaccuracies in simulated carbon budgets.
High-frequency changes of the physical environment may partially explain the observed diversity of phytoplankton species [Hutchinson, 1961; Harris, 1980 (Table 2) . A model of just one functional group of netplankton would have instead yielded a greater percentage of the total production during the spring. In addition, most of this model's picoplankton production occurred below the summer mixed layer. Attempts to model only the mixed layer would have neglected such production.
In an annual steady state, new production should equal nitrogen export [Eppley and Peterson, 1979 ]. Yet short-term variations of nitrogen export versus NO 3 import, resulting from the interactions between the two phytoplankton functional groups, suggest that the nitrate-based "new" production for individual groups may not equal their separate nitrogen export. The increase of biomass of both functional groups is followed by an increase of ammonium at depth (Plates lb and 2b) and covaries with the strength of the bloom of each functional group. During the summer, nitrate difft•ses into the simulated summer euphotic zone, while particulate nitrogen in the form of picoplankton and ammonium diffuse out of the euphotic zone. Nitrogen leaving the euphotic zone in these forms effectively reduces the recycling efiSciency (el) of the picoplankton and increases the nitrate-based contribution of total picoplankton production. Therefore the actual f ratios (nitrate based production/total production; Table 2 ) for summer blooms of picoplankton are higher than the implicit f ratio of 1 minus the recycling efiSciency (1 -e2 = 1 -0.8 = 0.2).
Deep mixing in late fall-early winter erodes the prior summertime accumulation of NH4, as water from the aphotic zone invades the nutrient-depleted euphotic zone. Such seasonal increases in nutrient concentrations spur the onset of netplankton dominance. Since a portion of the total nitrogen is in the form of NH4, the actual annual f ratio for netplankton is lower than the implicit f ratio (1 -el = 1 -0.5 = 0.5). It is important to note that the actualf ratio is not fixed in this model and that it is a function of the functional group biomasses, grazing rates, recycling efiSciencies, and mixing environment.
The model does not include heterotrophic bacteria, which can be just as important as phytoplankton in the uptake of NH4 [Harrison et al., 1992] . The model's production and ammonium stocks are both similar to actual measurements in oligotrophic regions near the surface [Sharp, 1983; Harrison et al., 1992] . At greater depths, the simulated NH4 levels are higher than observed levels [Brzezinski, 1988] ; this result is to be expected in the absence of a heterotrophic microbial community.
Simple incorporation of NH4 uptake by heterotrophic bacteria would decrease both the total primary production It is unfortunate that one of the most significant parameters in the model is also one of the least understood. Grazing is the most significant loss term in this model, which may or may not be true in the real world. While we tried to use values in the available literature to bound our grazing rates, our simulation analysis confirms the pleas for further studies of higher trophic levels and their relation to global carbon budgets [Banse, 1991; Longhurst, 1991 
Conclusions
Increasing the temporal resolution, that is, incorporating higher-frequency variability, of the convective overturn of the water column increases the new, total, and export productivities of our model. A higher-frequency description of the mixing environment between 1979 and 1984'1ed to average annual differences of 6 and 4% for new and total production, respectively. Interannual differences of the highfrequency simulation were as much as 24% for new production and 15% for total production. These interannual variations result from increases in new and total production of 45 and 30%, respectively, for the netplankton at the expense of picoplankton, owing to increased nutrient supply to the euphotic zone. These results show that some of the discrepancies between various estimates of primary productivity may be a function of temporal resolution of these estimates. This simulation is an example of the effects of highfrequency variability both on the behavior of an ecosystem and on our ability to observe the ecosystem.
Biogenic flux estimates of carbon and nitrogen presently smear over fluctuations of interdependent populations of primary and secondary producers. Increased resolution of these biological components will increase the accuracy of flux calculations for interpretation of field studies . This approach should be accompanied by modeling of the physical regime at higher frequencies to allow niche separation of the many species, or at least functional groups, of phytoplankton, zooplankton, and bacterioplankton. The effect would be to provide better reconciliation between disparate data sets of marine primary productivity and its role in global carbon cycles.
Grazing pressure represented the most significant loss of phytoplankton biomass in this model. This inadequately resolved closure of our model underlines calls for more studies of higher trophic levels in the real world [Banse, 1991; Longhurst, 1991] . Niche separation may be equally affected by differential grazing stresses on smaller organisms.
Appendix: Model Formulation
To determine daily maximum irradiance (/max), daily solar declination angles were first calculated for 33øN, 63øW; from these, daily values for the photoperiod (I1) were then derived [Kirk, 1983] (t-a)I1-1) (1) where t is the time step, and at sunrise a = (12 -0.5II).
Light is extinguished exponentially with depth as a function of attenuation by seawater and phytoplankton. The absorption coefficient for seawater kw was assumed to be 0.033 m -1 while the specific absorption coefficient was assumed to be 0.020 m2(mg Chl a) -1 for the netplankton (kcl) and 0.033 m2(mg Chl a) -1 for the picoplankton (kc2).
These were converted into diffuse attenuation coefficients by assuming an inverse average cosine pathlength for light [Gordon and Morel, 1983] . Detritus and dissolved organic matter played no role in this model. The depth-dependent equation for light thus becomes [Gargett, 1984] With respect to differences of nutrient uptake between the functional groups, smaller spherical cells have an advantage, with respect to the diffusive supply rate from the cell surface, over larger spheres. However, large cells in oligotrophic regions have adapted to nonspheroidal shapes, thus increasing surface area in relation to volume [Chisholm, 1992] . Given this fact and the problematic assessment of nutrient kinetics at and below the conventional detection levels for nitrogen, we chose not to make any further distinction based on nutrient kinetics in this model but to define competition by other factors. The netplankton growth rate was assumed to be higher than that of the picoplankton, in accordance with laboratory studies of maximum growth rates (tam) among various oceanic phytoplankton taxa [Brand and Guillard, 1981] . Specifically, we ran the model with different values for the slope of the grazing stress on the netplankton to achieve coexistence of the phytoplankton groups. Because (1) grazing pressure represented the most significant loss in our model and (2) it was the function with the least amount of data in the literature, we also advocate more studies of higher trophic levels in the real world [e.g., Banse, 1991; Longhurst, 1991] . We stress the significance of this term and the fact that the character of the simulation results depends on the type of closure used for the system of equations [Steele and Henderson, 1992 ].
In the case of the picoplankton, grazing was instead assumed to be by rapidly growing protozoan herbivores within a tightly coupled system. This type of grazing was modeled with a first-order loss term, where ti, in this case, is a mass specific rate constant; it was determined to be 0.18 /x m , which is within the range of values reported by Iturriaga and Marra [1988] Nitrogen biomass was recycled immediately into NH4 at recycling efficiencies el for netplankton and e2 for picoplankton. The remainder (1 -ei), where i is the index for the functional group, is assumed to be exported from the model as rapidly sinking particulate matter, for example, fecal pellets. Michaels and Silver [1988] modeled the range of probabilities that nitrogen incorporated into various phytoplankton groups would ultimately be exported; the probabilities varied from 4 to 19% for picoplankton and 30 to 65% for netplankton.
These estimates of export translate into recycling efficiencies of 96 to 81% for picoplankton and 70 to 35% for netplankton. Fasharn et al. [1990] had an effective ammonium recycling efficiency of 56% (75% assimilation efficiency x 75% ammonium excretion rate) in modeling bulk phytoplankton populations within the surface mixed layer. Here we chose netplankton nitrogen recycling el to be 50%, compared to 80% for picoplankton nitrogen recycling e2.
The last term in the phytoplankton state equations is the sinking flux. The sinking rate is taken to be 1.5 m d -1 (wsl) for netplankton [Bienfang, 1980] while that of NH 4 was assumed to be 10% of the NO3 concentration [Sharp, 1983] . The total chlorophyll concentration was then split between the functional groups, with 70% for netplankton and 30% for picoplankton, reflecting a fall phytoplankton assemblage. The model was run for 5 years, using the 1979 daily mixed layer depth profiles to achieve steady state (<0.01% change in the state variables) before continuing with the other mixed layer depths from Finally, the particulate settling terms of (5) and (6) were solved with a modified upwind difference technique [Smolarkiewicz, 1983 ]. This method applies a correction for the artificial viscosity, or numerical diffusion, which results from the upwind difference scheme by forming an antidiffusion velocity from the estimated artificial viscosity.
